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HYDROGEN-OXYGEN COMBUSTION

By Marshall C. Burrows and Louis A. Povinelli

SUMMARY

Emission spectra were obtained from a nominal-200-pound-thrust

gaseous-hydrogen - gaseous-oxygen combustor for the wavelength interval

between 2100 and 7800 Angstroms (A); all mixtures were hydrogen-rich.

The burning mixture was seen through quartz windows insulated by a

film of dry nitrogen gas. Spectra were obtained by means of a grating

spectrograph. It was equipped with a 20-inch photographic plate holder

that allowed exposure of the entire wavelength interval 8t one time

with a first-order dispersion of 10.9 A per millimeter.

Principal radiation between 2100 and 7800 A consisted of the hy-

droxyl bands extending from 2444 to 5546 A, the Schumann-Runge bands of

oxygen between 2400 and 4600 A, and the sodium D lines at 5890 and 5898 A.

There was evidence of background radiation throughout the wavelength

interval.

The intensities of hydroxyl_ oxygen, and continuum radiation in-

creased in proportion to both the oxidant-fuel weight ratio and the

pressure. Comparisons were made with results in the literature and a

statistical theory. The rotational temperature of the hydroxyl radical

was determined, and its accuracy is discussed. Sodium emission decreased

in proportion to the length of the run; therefore_ sodium must have been

a contaminant in the hardware. The width of a hydroxyl line was meas-

ured_ a mercury line was used for the comparison.

Comparative spectral data 3 taken of a tungsten-ribbon lamp operated

at various temperatures 3 were used to obtain the spectral characteristics

of the films and the relative intensities of the combustor spectra.

7.

II_RODUCTION

Emission spectra from hydrogen-oxygen flames have been studied ex-

tensively in the laboratory at pressures from O.O1 to 1.O atmosphere.



These data have been analyzed regarding the hydroxyl (OH) bands and their
rotational temperatures (refs. I to 7), the Schumann-Rungebands of
oxygen (02) and their excitation (ref. 8), the rotation-vibration bands
of water (H20) (ref. 9), the rotation-vibration bands of OHin the in-
frared region (refs. i0 and ii), and the continuous spectrum (ref. ii).
Early work had proved that the visible radiation from hydrogen-oxygen
flames increased rapidly with pressure (ref. 12).

The literature does not contain any observations of hydrogen-oxygen
flame spectra at the pressures and mass flows characteristic of rocket
practice that show the comparative intensities of continuous spectra,
spectra from atomic and molecular species, and spectra from contaminants
present in the system. The present investigation was undertaken to ob-
tain somequantitative information about the spectral intensity distri-
bution of gaseous hydrogen and gaseous oxygen burning at high pressures
a_d to gain additional insight into the physical and chemical processes
occurring during rocket combustion.

Emission spectra were taken of the gases inside the combustor for
various chamberpressures, total weight flows, oxidant-fuel weight ratios,
and run lengths.

APPARATUSANDPROCEDURE

Combustor

The combustor (fig. !) was designed for a nominal operating pres-
sure of AS0pounds per square inch at a total weight flow of 0.6 pound
per second and for gaseous hydrogen and oxygen propellants. The in-
jector, the chamber, the windowedsection, and the nozzle were separate
units constructed of copper; they could be run uncooled for 2 to 4 sec-
onds. A recesse_ sparkplug in the injector initiated combustion.
Quartz windows recessed 1 inch from the chamberwall and constructed
for purging with a film of dry gaseous nitrogen provided a view of the
burning mixture. A critical-flow orifice was used in the nitrogen line
so that the combustion gases were purged out of the cavity by a positive
nitrogen flow of approximately 0.05 poundper second. The windows re-
mained clear for viewing for approximately 50 seconds total running time.
A white dusty film collected on the windows, but this could readily be
removed.

Measuredvalues of combustion pressure and total weight flow were
used to determine the experimental characteristic velocity c* for the
runs. MeAsured c* values for propellant flows from 0.2 to 0.6 pound
per second were 98_3 percent of the theoretical value corrected for the
nitrogen flow.
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Spectrographic Components

The spectrograph was a 1.5-meter Wadsworth grating instrument

equipped with a 35-millimeter film holder and a remotely operated shutter

(fig. 2). The 15,000-groove-per-inch grating could display a wavelength

range of 2100 to 7800 A in the first order_ 2100 to 3900 A in the second

order, and 2100 to 2600 A in the third order. Reciprocal linear dis-

persion at the film holder was 10.9 A per millimeter in the first order,

5.45 A per millimeter in the second order_ and 3.63 A per millimeter in

the third order.

Lenses or mirrors were used to focus the radiation from the 1/2-

inch combustor window on the entrance slit of the spectrograph; the

image was reduced at the entrance slit to 2 millimeters in height. Glass

optics limited the range of the instrument to approximately 3100 to 7800 A

in the first order and 3100 to 3900 A in the second order. Quartz lenses

or uncoated front surface mirrors transmitted the full wavelength range.

N

EXPERIMENTAL RESULTS AND DISCUSSION

The spectra of the hydrogen-oxygen combustion gases show lines

caused by 0E (2444 to 3546 A) and part of the Schumann-Runge system of

02 (2400 to 4400 A) (fig. 3(a)). A continuum extends over the entire

wavelength span of the spectrograph. The only contaminant in the system

appears to be sodium_ which has emission lines at 5890 and 5896 A.

Since excess hydrogen was present in all runs, the spectra were

examinedfor lines that were caused by atomic and molecular hydrogen.

The emission spectrum of hydrogen (H) (Balmer series) mainly consists

of lines at 4101.7, 4340.5, 4861.3, and 6562.8 A. The spectrum formed

by molecular hydrogen consists of the aforementioned lines together with

many fine lines and a continuum extending from wavelengths shorter than

3000 A to those of approximately 4500 A. The spectra from the combustion

gases reveal lines at 4102 and 4340 A that could be due to H or H2.

The continuum that extends over the entire wavelength range is apparently

due to H2, 02, or ionized sodium (Na) (fig. 3(b)). The elimination of

higher order overlap by means of filters revealed that this continuum

extends beyond 6100 A (fig. 3(c)).

Attempts to photographically record infrared spectra (7000 to 7800 A)

of OH, 02_ and H20 were not successful_ this could be due because of

either lower sensitivity of the infrared film or decreased radiation in

this _avelength region.
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Variation of Spectral Intensities with Combustion

Pressure and Total Weight Flow

The spectral intensities of the combustion gases changed consider-
ably with the increase in pressure and in total weight flow (fig. 4).
In order to obtain these data_ the propellant flow was increased while
the oxidant-fuel weight ratio and the nozzle diameter were held constant.
These spectra were analyzed on a recording microphotometer_ and the re-
sulting transmission values were converted to intensities. The change
in the intensity with pressure and weight flow is shownas a function of
wavelength by the faired curves in figure 5. The most intense radiation
was between Z100 and 5600 A_ with the continuum strongly depending on
the pressure in the visible region. The curves were not extended to
wavelengths longer than 6200 A because of the reduced film sensitivity
after that point.

Figure S showsthe effect of pressure on radiation intensity at
selected wavelengths. Thesewavelengths correspond to the OHline at
5258 A (2E - 2_ 2, 2) the 02 line at 5571 A and the continuum at
5574 A. On account of the wide spacing between the 02 lines_ independ-
ent measurementof the continuum intensity was possible. Thusj the in-
tensity of the continuum could be subtracted from the 02 line intensity
at each pressure. The curves indicate that the pressure exponent of the
intensity of Schumann-Runge02 radiation varied from 2.6 at 150 pounds
per square inch absolute to 2.0 at 525 pounds per square inch absolute.
At A25pounds per square inch absolute the intensity approached a con-
stant. The intensity of the continuum increased more rapidly with pres-
sure than did the Schumann-Rungeemission of 02. The pressure exponent
of the continuum radiation intensity decreased from 5.2 at 150 pounds
per square inch absolute to 2._ at _50 pounds per square inch absolute.

Liveing and Dewar (ref. 12) studied flames in a chamberwith H2
and 02 inlets perpendicular to one another. Observations were made
through a quartz window at the end of the chamber. For flames of 02 in
H2 the blue radiation increased in relation to the square of the pres-
sure in the range 15 to 95 pounds per square inch absolute. The pres-
sure exponent is compatible with the results of the present study.

Liveing and Dewaralso discovered that the flames of H2 in 02 were
bright but their luminosity increased less rapidly with pressure. Gaydon
(ref. ii) based his explanation of this difference on the fact that 02
in excess of H2 mainly produces the continuum_ which depends on the
pressure squared. On the other hand_ H2 in 02 produces a higher Schumann-
Rungeemission_ which increases less rapidly with pressure.
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Variation of Spectral Intensities with

0xidant-Fuel Weight Ratio

The appearance of the spectra changed very little in comparison

with the changes in the oxidant-fuel weight ratio, o/f (fig. 7). When

the spectra were analyzed on a n_crophotometer_ the gross spec_ram in-

tensities for the three oxidant-fuel weight ratios varied as indicated

by the faired curves of figure 8. The spectral characteristics were

similar for the three oxidant-fuel weight ratios_ the most intense radia-
tion occurred between 5100 and 5600 A. A continuum over the entire wave-

length range was accompanied by the sodium D lines.

The variation of the intensities with oxldant-fuel weight ratio is

shown in figure 9 for two OH lines_ an 02 line_ and the continuum.

Once again_ it was possible to separate the contribution of the 02 line

from that of the continuum. Radiation intensity consistently increased

with the oxldant-fuel-weight ratio for values less than the stoichiometric

ratio of 8.

The overall effect of the oxidant-fuel weight ratio on the radia-

tion intensity was much less than that of pressure. An oxidant-fuel

weight ratio variation from 5.5 to 7.0 increased the radiation intensity

2.6 times for the 02 line at 3571 A_ however 3 when pressure was doubled

the radiation intensity increased 5.4 times. Theoretical variations of

intensity wlth oxidant-fuel weight ratio, as well as the experimental

curves for OH and 02 are shown in figure i0. The theoretical curves

are based on the assumption that the Beer-Lambert Law holds for the

emissivity e_ according to the equation:

eh = 1 - e-khnLP (i)

where

k_ absorption coefficient of radiation 3 (cm'l)(atm "I)

L beam length; cm

n mole fraction

P total pressure; atm

Mole fractions of the absorbing gases 3 OH and 02_ have been ob-
tained from thermochemical calculations as functions of the ozidant-

fuel weight ratio for equilibrium combustion conditions (Unpublished

NASA data by Sanford Gordon) and are shown in table I together with

other necessary data.



The curves in figure I0 showwide differences between the experi-
mental and theoretical data. Oneexplanation for those differences sug-
gests that the radiation could have been excited nonthermally. It has
been shownthat the rotational temperature of the OHradical in the
inner cone of a hydrocarbon flame is muchhigher than the theoretical
flame temperature, which indicates somechemiluminescence (ref. i0).
_mis behavior has also been observed in the hydrogen flame at atmos-
pheric pressure (ref. 13). A second explanation for the difference in
the curves shownin figure i0 suggests that the propellants were not
uniformly mixed in the combustor. The injector produced a turbulent gas
stream with a randomformation of eddies, whose initial composition was
a function of position and whose scale was distributed over a wide range.
The flow stream, composedof these eddies or striations, probably burned
at various oxidant-fuel weight ratios and, thus, produced a distribution
in the temperature and the composition of the radiating gas stream.

The variation of the oxidant-fuel composition of the eddies was
assumedto follow a log normal distribution, dn/dy, according to the
relation

aey2 zl-id_an= /2a
dy

where

(2)

n frequency of occurrence

o/f
y in (o/f)mea n

distribution factor, ratio of o/f at probability of 0.84 to

(°/f)mean

When the metered oxidant-fuel weight ratio was taken as the (o/f)mea n

and the distribution factor a was assumed equal to 1.6, the theoretical

variation of intensity with o/f corresponded closely to the experi-

mental values obtained for the OH and 02 intensities (figs. i0 and ii).

The level of the theoretical curve was matched to the experimental data

points using relative values of intensity from table i.

Previous measurements of rocket combustor temperatures utilizing an

optical technique show a smaller variation in time- and space-averaged

temperatures than was predicted on the basis of the metered oxidant-fuel

weight ratio (refs. 14 and 15). However when velocity-of-sound tech-

nique (ref. 16) was used to measure instantaneous flow properties in a

small combustor, wide variations in the temperature-molecular-weight

ratios were found. These time and space variations in the radiation,

!
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the temperature, and the composition imply that rocket combustion is a

phenomenon undergoing various degrees of reaction (viz., striations on

pockets of gases) throughout the burning region. This physical inter-

pretation of the combustion zone was advanced previously for premixed

turbulent flames (ref. 17). Investigation of the physical structure

of turbulent flames has indlcated that the flame zone may be both

wrinkled and distributed in the degree of reaction (ref. 18). For low-

intensity flames the structure can be predicted on the basis of

velocity-ratio gradients or chemical- to turbulence-time ratio

(ref. 19).

Rotational Temperature Measurement

The rotational temperature of the OH radical was determined from

the intensity distribution of selected OH lines. References I to 7 and

reference 20 discuss the techniques involved. Briefly, the technique

that vas used involved the measurement of the transition intensity I

from a level K of a line near the head of a branch where I is given

by

I - CAKe- /kT (3)
where

constant for a particular electronic and v_brational transition

AK transition probability from ref. 21

EK rotational energy level of initial state from ref. 20

k Boltzmann' s constant

T rotational temperature

A second line of equal intensity was chosen in the tail of the same

branch such that 3 at the first approximation, the lines were equally

self-absorbed for a uniform temperature source, and errors in the inten-

sity determination were cancelled. The rotational temperature was

determined from the relation

T=



_rhere

K = i and K # > I.

The rotational temperature of the S_I lines of the OH radical was
3250o+400 ° K. A plot of the intensities of the $21 lines as a function

of transitional level K (fig. 12) determined that temperature. A band

representing a +5 percent variation in the intensities was used to

account for the spread in the data. Carves drawn within these limits,

representing maximum and minimum variations in K, gave temperatures of

3650 ° and 2850 ° K, respectively. The average of these two temperatures

was in reasonable agreement with the theoretical value of 3860 ° K for a

stoichiometric mixture (Unpublished NASA data by Sanford Gordon).

An alternative technique was used to confirm the rotational temper-

ature. Equation (3) can be written as
/

log I : log c + log AK - (5)

If log I - log AK is plotted against EK, the resulting curve should

have a slope of -kT. This method was used for several branches of the

OH spectra from the engine data; however, the resulting curve was not

linear, and the temperatures determined from the slope ranged from less

than 1000 ° to more than lO, 000 ° K. The factors leadin_ to these values

may have been (1) self-absorptlon, (2) continuous background, (5) large

errors in the quantitative intensity determination, or (A) non-

rotational equilibrium.

Both methods of obtaining the rotational temperature were checked

for the above factors by applying than to spectra obtained from the

outer cone of an oxyacetylene flame. A comparison of the spectra (fig.

13) showed large differences in the region of 3064 A.

The R 2 lines could easily be distinguished in the oxyacetylene

flame, and the rotational temperature determined from their intensities

was about 2000 ° K. The R2 lines were not distinguishable in the H2

and 02 spectra, and a temperature determination was not possible, but

S21 line intensities from these spectra have already been shown to give

a reasonable rotational temperature. Figure 14 shows the S21 line

intensities plotted against K from the oxyacetylene flame and a curve

plotted from the theoretical data for 3000 ° K from reference 20. With

the experimental curve drawn as shown, a rotational temperature of

approximately 2000 ° K was determined for the outer cone of the oxya-

cetylene flame, in agreement with the earlier result using the R2 lines.

The spread in data points appears to be +5 percent_ which is comparable

to that used for the combustor data shown previously in figure 12.

O_
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The marked difference between the R 2 and 821 lines in the two

flames can be clearly seen in the spectra. Since the R 2 lines are much

more intense, there is apparently more self-absorption in these lines,

especially at pressures of 300 pounds per square inch absolute or more.

If temperature determinations are to be made, lines of low intensity

should be used. Use of lines of low intensity, however, leads to more

scatter in the line intensity readings.

The limits of ±400 ° K that were imposed on the rotational tempera-

ture because of the scatter in the line intensity readings indicate that

a precise determination of combustion gas temperature would be difficult

to obtain by this method. The more efficient use of optics as well as

the increased resolution of the spectrometer and microphotometer would

lead to more precise measurement of the OH lines. These lines, however,

can still be appreciably self-absorbed or self-reversed.

When an order of magnitude measurement w_s taken of the emissivity

of the H2 and 02 combustion gases, it yielded values varying from 0.022

at 6300 A to 0.388 at 3100 Ao These measurements were based on an

assumed gas temperature of 3200 ° K and were determined by means of the

calibration technique described in the appendix. An emissivity of 0.388

at 3100 A indicates that appreciable self-absorption is characteristic

of the gases (ref. 21). This self-absorption could lead to a distortion

of the isointensity plot (eq. (A)) and a higher temperature determi-

nation than the actual value (ref. 21). Accurate determination of line

intensities, therefore, involves additional experimentation to deter-

mine the amount of self-absorption.

Determination of OH Line Width

The weak OH lines in the spectra from H2 and 02 burning at 300

pounds per square inch absolute appeared to be wider than either the

OH lines in the oxyacetylene spectra at atmospheric pressure (fig. 13)

or the mercury-calibration lines. This observation suggested that,

since the 0H lines were sufficiently broadened by pressure, it might be

possible to determine the approximate line half-width (the line width at

half-intensity) with the relatively low dispersion spectrograph used in

this study.

The procedure for determining the line half-width was as follows:

With the slits on the spectrograph set at the 20-micron width, the ap-

parent total half-width of the mercury line at 3027.50 A was 0.44 A.

Since the calculated Doppler width of the mercury emission line is

several orders of magnitude narrower than this, the observed shape was
taken to be the slit function of the instrument. The observed OH line

(fig. 15), which was recorded with the slits set at 20 microns, was wider
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than the actual llne because of the error introduced by the sllt function.
To allow for this error, a gaussian shape and a half-width were assumed
as the actual line, and the effect of the sllt function _s summed at

intervals of _ (.!i A) away from the llne center kO. When the actual

half-width of the line was assumed to be 0.58 A, the summation yielded

a llne shape which closely approximated that of the observed llne (fig.

15).

The half-width of 0.58 A obtained in this manner is considerably

greater than that obtained by previous investigators at atmospheric

pressure (e.g., 0.014 A_ ref. 22). If this difference is attributable

to the difference in pressures, then line broadening due to pressure is

substantial.

Other line shapes could have been chosen that would have more

closely approximated the actual OH line profile (ref. 21), but the ac-

curacy of the data did not warrant the refinements.

It was shown earlier in this paper that the self-absorption of the

intense OH lines was appreciable. Although a weak line was chosen for

determining the line width_ broadening of this line due to self-

absorption was not evaluated.

It must be noted that the location of the spectrometer inside the

test cell led to vibration of the components. Diffuse, wide, spectral

lines like those shown previously (figs. 5, 4, and 7) resulted, but they

are not indicative of line broadening. The spectra used for determining

the broadening sho_n here, however, were obtained in a vibration-free

environment_ where the spectrometer was located outside the rocket test
cell.

!
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Variation of Spectral Intensity with Combustor Run Length

Various Tan lengths were used to obtain the variation of exposure

on the film with time for selected wavelengths (fig. 16). The limited

number of points indicates a linear increase in exposure of 02 and con-

tinuum radiation_ with the exception of the 2-secondrun.

In the same series of runs the exposure caused by Na at 5890 and

5896 A decreased as the run length increased (fig. 17). The data were

obtained from four consecutive runs with no change in the hardware or

the ignition plug. When the hardware and the ignition plug were re-

placed or cleaned between runs_exposure because of the Na lines in-

creased with run length. This behavior indicated that sodium was a

contaminant in the system.
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The important consideration appeared to be the elapsed running time

on the ignition plug, which led to the outgassing of the contaminants

(i.e., sodimm). Since there was evidence of wear and cracks in the

ceramic surface after several runs, it is believed that the contaminants

were present in the ceramic portion of the sparkplug.

S_3MNARY OF REST/LTS

Emission spectra were obtained from a nominal 200-pound-thrust

hydrogen-oxygen combustor for the wavelength range 2100 to 7800 A.

Radiation consisted of the hydroxyl (OH) bands from 2444 to 3546 A,

the Schumann-Runge oxygen (02) emission from 2400 to 4600 A, the

sodium D lines at 5890 and 5896 A, and a continuum extending through-
out the sensitivity range of the film.

Intensities of the OH lines; the 02 lines, and the continuum varied

with the pressure as pn, where n varied for the continuum from 3.2 to

2.4 over the pressure range iS0 to 450 pounds per square inch absolute

and for 02 from 2.6 to 2.0 over the pressure range 150 to 325 pounds per

square inch absolute.

The increase in line intensities with oxidant-fuel weight ratio

was small compared to the variation expected from thermochemical equi-

librimn calculations. _en it was assumed that the radiation originated

in regions that had a statistical distribution of oxidant-fuel mixtures,

good agreement was achieved between the experimental and theoretical

results. These results indicate that the combustion gases were under-

going various degrees of reaction with a wide distribution in gas tem-

perature and composition. It appears_ therefore, that statistical

techniques might be advantageously used in the study of rocket com-
bustion.

The rotational temperature of the rocket combustor gases was

3250o±400 ° K, which is in reasonable agreement with the theoretical

temperature of 3560 ° K. This temperature was determined from an iso-

intensity plot of the $21 lines of the 0, 0 transition of OH. No tem-

perature determinations were possible from the other branches of the

same transition because of the severe self-absorption and self-reversal

of the lines.

In order to obtain the actual line width, the width of an OH line

in the spectra from the combustor was compared with that of a mercury

line in the same spectral region. A gaussian half-width of 0.58 A was

derived from the observed lines. This half-width was more than 40 times

greater than the half-widths cited in the literature for OH lines in

spectra at i atmosphere. These findings indicate a substantial

broadening of the lines on account of pressure.
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Exposure on the film caused by the 02 and the continuum radiation
increased linearly with run time, while exposures caused by the sodium
lines decreased with r_n time. As long as combustor hardware was not
changed, the sameresults were obtained. Hence_sodium must have been a
contaminant in the combustor components.

Lewis Research Center
National Aeronautics and Space Administration

Cleveland, Ohio, April 12_ 1962.
!
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APPE]TDIX - INTENSITZ CALIBRATION OF FTIM

A tungsten-ribbon - filament lamp calibrated by the National Bureau

of Standards was used to obtain a calibration on each type of film.

Eight current settings were used to obtain the spectra. Each spectrum

was scanned by a recording microphotometer to obtain curves of trans-

mission against wavelength. One of these curves is shown in figure 18.

Intensity-wavelength data were supplied with the lamp for two current

settings, and data for the other current settings were obtained by

measuring the apparent filament temperatures, converting them to true

temperatures, and using Planck' s Law with emissivity data supplied with

the lamp.

Comparison of the transmission-wavelength data and intensity-

wavelength data yielded a curve of transmission against intensity at

each wavelength. The slopes of these transmission-intensity curves were

nearly the same_ therefore, they coincided reasonably well with a single

curve if a multiplying factor for film sensitivity was used for each

wavelength (figs. 19 and 20).
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